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Abstract 
Recent experimental studies argued that, if carefully annealed, electron-doped (n-type) cuprates become superconducting (SC) in 
non-doped as well as weakly doped samples, in marked contrast to the conventional recognition. This metallic (SC) behavior is 
not likely to be understood by means of the ݐ- ܬor Hubbard models, because their ground states at half filling are insulating with  
antiferromagnetic (AF) orders, even for moderately frustrated cases. Thus, we systematically study a d-p model including in-
plain oxygen-p and copper-d orbitals, using a variational Monte Carlo method with refined correlation factors. It is found that an 
AF order becomes robust as charge transfer gap ߂ or coulomb interaction on Cu sites ܷௗ becomes large. As O-to-O hopping 
integral ݐᇱ becomes large, the AF ordered state tends to be unstable. 
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1. Introduction 
    In a common understanding hitherto, in n-type cuprate superconductors, antiferromagnetic (AF) orders are 
predominant in a wide range of doping rate. However, recent experimental studies reported that n-type cuprates 
become superconducting (SC) without AF orders in non-doped thin films [1] as well as lightly doped single crystals 
[2]. Before these reports, n-type cuprates had been theoretically studied using the ݐ-ܬ model and Hubbard models on 
the square lattice. Because the ground states of these models for zero doping are insulating with AF orders even if 
some frustration is introduced, the recent experimental results seem beyond the reach of these models. In this 
context, a d-p model explicitly including oxygen-p orbitals can be an appropriate starting point. When both energy 
 
 
* Corresponding author. Tel.: +81-22-980-8578; fax: +81-22-795-6447. 
E-mail address: shun@cmpt.phys.tohoku.ac.jp 
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the ISS 2015 Program Committee
6   S. Tamura and H. Yokoyama /  Physics Procedia  81 ( 2016 )  5 – 8 
difference between Cu and O orbitals (߂) and on-site Coulomb interaction (ܷௗ) are sufficiently large, the d-p model 
is reduced to the ݐ-ܬmodel [3]. However, these conditions are not necessarily applicable to n-type cuprates, because 
߂ may be appreciably small as compared to hole-doped cuprate superconductors owing to the loss of apical oxygen 
atoms. So far, the d-p model has been studied using some methods [4-6], but systematic research was limited 
because this model has a large number of adjustable parameters and orbital degrees of freedom. It is known that, 
generally, the staggered magnetization increases as ߂ increases [7], and the AF order vanishes for a sufficiently 
small ߂ [8]. In this research, we study a d-p model that includes a d orbital and two p orbitals. Our principal aim 
here is to clarify the stable area of the AF state in a wider model-parameter space than those in previous studies, 
using a variational Monte Carlo method with refined wave functions. 
2. Method 
As a model of the electorn-doped cuprates, we consider a three band Hubbard model in the hole picture: 
ܪ ൌ ܪ௣ௗ ൅ ܪ௣௣ ൅ ߂ ௣ܰ ൅ ܷௗ ෍ ௝݊ǡ՛ௗ ௝݊ǡ՝ௗ
௝אେ୳
ǡ 
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where ௝݀ǡఙ
ற  and ݌௝ǡఙற  creates holes on j-th Cu and O site respectively,  ௝݊ǡఙௗ ൌ ௝݀ǡఙற ௝݀ǡఙ, ௣ܰ ൌ σ ሺ ௝݊ାೣమǡఙ
௣ ൅ ௝݊ା೤మǡఙ
௣ ሻ௝ǡఙ , and 
௝݊ାೣሺ೤ሻమ ǡఙ
௣ ൌ ݌௝ାೣሺ೤ሻమ ǡఙ
ற ݌௝ାೣሺ೤ሻమ ǡఙ. We take ݐ௣ௗ as a unit of energy. The doping rate is defined as ߜ ൌ ሺܰ െ େܰ୳ሻȀ େܰ୳, 
where N and େܰ୳ are the numbers of holes and Cu sites, respectively. Therefore, a positive ߜ represents a hole-
doped case. We focus on an AF and a paramagnetic (PM) states, and study an AF wave function Ȳ ൌ ܲȰ୅୊ with a 
correlation factor ܲ ൌ େܲ୔ୗ ௃ܲ . Here, େܲ୔ୗ  (ൌ େܲ୔ୗଽ େܲ୔ୗଽൈଶ) treats short-range parts in an accurate manner (so-called 
correlator product state) [8]; େܲ୔ୗଽ  ( େܲ୔ୗଽൈଶ) assigns an independent weight to every electron configuration in a cluster 
of five Cu and four O (two Cu and seven O) sites, as shown in Fig. 1. In the present case, we use individual େܲ୔ୗ 's 
for the two sublattices, so that the number of variational parameters in େܲ୔ୗ amounts to ʹ ൈ ሺͶଽ ൅ ʹ ൈ Ͷଽሻ. Long-
range correlation is introduced as ௃ܲ ൌ ሺσ ߙȁ௜ି௝ȁఙǡఙᇱ ݊௜ǡఙ ௝݊ǡఙᇱ௜ǡ௝ǡఙǡఙᇱ ሻ, where a parameter ߙ௥஢ǡ஢ᇱ is taken independently 
for each ݎ and ሺߪǡ ߪԢሻ. To exclude redundancy, ߙ௥ఙǡఙᇱ in the short-range part overlapping with େܲ୔ୗ is set to zero.  
 One-body part Ȱ୅୊ is the ground state of the following mean-field Hamiltonian: 
ܪ୅୊ ൌ ܪ௣ௗ ൅ ܪ෩௣௣ ൅ ܪ௣௣ᇱᇱ ൅ ȟ෩ ௣ܰ ൅ σ ܤ௝൫ ௝݊ǡ՛ௗ െ ௝݊ǡ՝ௗ ൯௝אେ୳ ǡ 
ܪ௣௣ᇱᇱ ൌ ݐǁ ᇱᇱ෍൬݌௝ି௫ଶǡఙ
ற ݌௝ା௫ଶǡఙ ൅ ݌௝ି௬ଶǡఙ
ற ݌௝ା௬ଶǡఙ ൅ Ǥ Ǥ ൰௝ǡఙ
ǡ 
where ܪ෩௣௣ is the same form as ܪ௣௣ except for ݐᇱ ՜ ݐǁԢ, and 
ݐǁԢ, ݐǁԢԢ, ߂ሚ and staggered field ܤ௝  are variational parameters. 
The boundary between the AF and PM phases is 
determined by finding a point where the staggered 
magnetization ݉ ൌ σ ሺെͳሻ௝ሺ ௝݊ǡ՛ௗ െ ௝݊ǡ՝ௗ ሻȀ େܰ୳௝אେ୳  vanishes. 
We mainly discuss the case of ݐᇱ ൒ Ͳ , because the bare 
Fermi surface is concave in accordance with cuprates. The   
variational parameters are efficiently optimized by 
combining the stochastic reconfiguration method and the 
conjugate gradient method [9]. 
3. Results and Discussions 
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Fig. 1. Illustration of clusters considered in short-range 
correlation factors: େܲ୔ୗଽ  and େܲ୔ୗଽൈଶ. 
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We start with properties at ߜ ൌ Ͳ. In Fig. 2(a), ݉ is shown as a 
function of ߂. Except for ݐԢ ൌ Ͳ, ݉ exhibits a discontinuity at ߂୅୊ 
and becomes finite for ߂ ൐ ߂୅୊, indicating a first-order transition 
occurs. By analyzing momentum distribution (not shown), we 
find the state is switched from a paramagnetic metal to an AF 
insulatorǤ  This transition is a Slater type rather than a Mott type, 
because Mott transitions in PM and SC states arise at much larger 
values of ߂. Regardless of the values of ݐԢ and ܷௗ, ݉ increases as 
߂  increases. This is because the hole density on Cu sites ݊େ୳ 
increases as ߂ increases for a large ܷௗ [Fig. 2(b)], and the kinetic 
energy is most reduced in the Néel configuration. A similar 
reason is applicable to ݐԢ dependence of ݉  shown in Fig. 2(c), 
where ݉  decreases as ݐԢ  increases. In this case, as ݐԢ  increases, 
holes tend to be on O sites or ݊େ୳ decreases [Fig. 2(b)] to reduce the O-to-O hopping energy (ܧ௧ᇱ ൌ ۃܪ௣௣ۄȀ େܰ୳), 
because ܧ௧ᇱ  decreases with ݐԢ as shown in Fig. 2(d). Thus, localization by a large ߂ (itinerancy by a large ݐ ') is 
advantageous (disadvantageous) to the AF state. This feature is represented in a magnetic phase diagram in theݐԢ-߂ 
space [Fig. 3] constructed from ߂୅୊  for various cases of ܮ ൌ ͳͲሺ େܰ୳ ൌ ܮ ൈ ܮሻ. We turn to ܷௗ  dependence; ݉ 
increases as ܷௗ increases [Fig. 4(a)]. This behavior is similar to the case of ߂ [Fig. 2(a)], because ܷௗ also promotes 
localization of holes. Therefore, the phase diagram in theݐԢ-ܷௗ space [Fig. 4(b)] shows a tendency similar to Fig. 3. 
Note, however, that ߂ affects ݉ more strongly than ܷௗ for plausible parameters of cuprates. A difference of roles 
between ߂ and ܷௗ is that ߂ (൐ Ͳ) localizes holes on each Cu site, while ܷௗ tends to localize holes on each unit cell 
by reducing double occupation at the Cu site. 
Fig. 2. In all graphs, results at ߜ ൌ Ͳ are shown. (a) Staggered magnetization is plotted as a function of ߂ for some values of ݐԢ and ܷௗ. (b) 
Hole densities on Cu and O sites are shown as a function of ߂ for ݐԢ. (c) Staggered magnetization is plotted as a function of ݐԢ for some values 
of ߂ and ܷௗ. (d) Energy of O-to-O hopping ܧ௧ᇱ is shown as a function of ݐԢ for some values of ߂ and ܷௗ. 
Fig. 3. Magnetic phase diagram at ߜ ൌ Ͳ is shown in 
the ݐԢ- ߂ space for two values of  ܷௗ. 
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Next, we discuss the influence of doping. In Fig. 5(a), ߜ dependence of ݉ is shown for some values of ߂ and ݐԢ 
for ܷௗ ൌ ͳͲ. As mentioned, ܷௗ dependence is small (not shown). As expected, ݉ is maximum at ߜ ൌ Ͳ, where the 
nesting condition is fully satisfied for ݐᇱ ൌ Ͳ. As we dope carriers or |ߜȁ increases, ݉ does not abruptly drop but 
gradually decreases and finally vanishes. Regardless of electron doping or hole doping, the AF state is stable widely 
in the underdoped regime (ߜ د ͲǤͳ͸) for large ߂ and small ݐԢ. There exists electron-hole asymmetry, and the AF 
area extends to a somewhat larger ȁߜȁ in the hole-doped side for ݐԢ ذ Ͳ. Probably, a band-renormalization effect 
introduced in the one-body part Ȱ୅୊ works for this feature. Calculating for various model parameters, we construct 
a magnetic phase diagram in the ߜ-ݐԢ space [Fig. 5(b)] for some values of ߂ at ܷௗ ൌ ͳͲ. Similarly to the tendency at 
ߜ ൌ Ͳ, the area of AF shrinks as ߂ decreases and/or ݐԢ increases.  
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Fig. 4. (a) Staggered magnetization is plotted as a function of ܷௗ for some values of ݐᇱ and ߂. (b) Magnetic phase diagram at ߜ ൌ Ͳ is shown 
in the ݐᇱ- ܷௗ space for three values of ߂. 
Fig. 5. (a) Doping-rate  dependence of staggered magnetization is shown for some values of ߂ and ݐԢ at ܷௗ ൌ ͳͲ. (b) Magnetic phase diagram 
obtained using Ȳ in ߜԢ- ݐԢ space at ܷௗ ൌ ͳͲ. 
